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Abstract 
We present a novel method of hydrogen production – applicable to gaseous and distillate fuels – that integrates with a gas turbine 
and has the potential to reduce the cost and energy required for CO2 capture.   
 
The Pressure Swing Reformer (PSR) process yields syngas at high efficiency and with the compactness of an autothermal 
reformer. PSR is a cyclic, reverse-flow reactor that alternates combustion steps to heat the catalyst bed with reforming steps that 
cool the bed.  During these steps the center of the catalyst bed remains at temperatures approaching 1200°C, enabling rapid and 
high conversion.  Heat exchange within the packed-bed results in relatively cool products, resulting in high efficiency.  The 
debits of conventional hydrogen manufacture, such as air separation or high-temperature furnaces, are completely eliminated. 
 
As applied to CO2 capture, PSR’s syngas product is shifted and separated to yield hydrogen and a sequesterable CO2 stream.  The 
hydrogen is used to fuel a gas turbine for power generation, and is also used to fuel the PSR.  The power turbine is further 
integrated by borrowing compressed air from the turbine to use as a combustion source within the PSR.  Recovering CO2 from 
high pressure syngas can reduce separation cost, just as in IGCC.  But unlike IGCC, PSR is a low-cost reactor system that uses 
air at the conditions provided by the GT compressor and returns air at conditions appropriate for the expander.  Integrated as 
such, the PSR enables lower cost production of power with CO2 capture. 
 
Steam Reforming; Electric Power; CO2 Capture 
1. Technical approach 
The fundamental element of the PSR is direct contact heat exchange within a bed of solids, which is described in 
reference to Figure 1.  In a packed bed heat exchanger, the heat capacity of a bed of solids is used to change the 
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temperature of a gas passing through the bed.  In the example of Figure 1, the bed is initially at a cool temperature 
(red line), and the gas is initially at a higher temperature (blue line). Gas is cooled as it passes through the 
exchanger, transferring heat to the packing material.  The shape of the temperature profiles depends on the rate of 
heat transfer.  When the heat transfer rate is relatively fast, the sharp gradient shown in Figure 1 is observed.  This 
gradient moves across the bed as heat transfer continues, until breakthrough occurs and the outlet temperature 
begins to rise. 
 
An important feature of packed bed heat exchangers is 
that there is a large difference between the heat capacity of 
the gases and the solids.  This means that, compared to the 
void volume in the bed, there is a large volume of gas that 
moves through the bed.  For the profiles of Figure 1, the 
volume of gas that has passed through bed is over 2000 
times the bed void volume. In PSR, the bed is designed to 
provide high heat transfer coefficients, so that the 
temperature profiles behave as in Figure 1. Figure 1: Packed bed heat exchanger 
 
Figure 2 illustrates the use of the packed bed heat exchanger in PSR.  Two of these exchangers are placed back to 
back, with the hot ends together, as shown in Figure 2a.  The left bed is roughly twice the size of the right, and it 
includes reforming catalyst applied to the heat transfer solids.  During the regeneration phase of PSR, shown in 
Figure 2b, air and fuel flow from right to left.  Combustion occurs near the interface between the two beds, and the 
hot flue gas travels through the reforming bed creating a temperature wave and heating the catalyst bed.  During the 
reforming phase, shown in Figure 2c, hydrocarbon and steam flow from left to right.  The feed is converted to 
syngas by the catalyst in the bed, with the sensible and reaction heat being drawn from the bed. Hot syngas leaves 
the reforming bed and is cooled in the non-catalytic bed on the right, depositing its sensible heat in that bed. 
 
 
  
Figure 2a: Two Exchangers Figure 2b: Regeneration Step Figure 2c: Reforming Step 
 
This arrangement results in a "heat bubble" within the bed system.  During regeneration, air (and regeneration 
fuel) enter at a relatively cool temperature, are heated by the recuperator, then combust to flue gas near the interface 
of the two beds.   This heat generation expands the bubble, and the flue gas is finally cooled by the heat transfer 
properties of the reform bed such that flue gas leaves at a relatively cool temperature.  Similarly, reform feed enters 
at a relatively cool temperature, picks up heat and reforms with a relatively high final temperature, and then the 
product syngas deposits its heat into the recuperator packing before leaving at a relatively low temperature. 
2. Computer simulation 
The physics and chemistry of Pressure Swing Reforming have been programmed into a numerical simulation of 
the process.  The model includes reforming kinetics (Xu and Froment [1] for methane), heat transfer, pressure drop, 
axial conduction, and the relevant gas and solid properties.  The computational approach is to divide the PSR bed 
into 30 cells, each representing 1/30th of the bed, to treat each cell as a perfectly mixed reactor, and to march the 
simulation forward in time. Figure 3 shows predicted temperature profiles at several key times in the simulated PSR 
cycle. 
 
This simulation is for methane reforming at steam/carbon 1.5 and 8000 hr-1 C1GHSV in a 12 second cycle, with 
feed temperatures of 250°C and with reforming pressure at 10 atm and regeneration at 1 atm.  The bed material is a 
1200 cells/inch2 honeycomb monolith with 7-mil wall thickness.  This simulation predicts a very high methane 
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conversion and 93% recovery of feed and fuel heat of combustion (¨HC) as syngas ¨HC.  Temperature profiles move 
in the direction of flow; right to left during the regeneration step shown in Figure 3a, and left to right during the 
reforming step shown in Figure 3b.  The specific shapes of the profiles result from the interactions of heat transfer 
and reforming kinetics [2]. 
 
 
Figure 3a: Temperature profiles during regeneration  
 
Figure 3b: Temperature profiles during reforming 
3. Experimental validation 
Pressure Swing Reforming has been experimentally explored in two bench-scale units at ExxonMobil.  One unit, 
shown in Figure 4a, is a single-reactor system designed for methane feed.  The second unit, shown in Figure 4b, is a 
dual-reactor system designed for liquid feed. 
 
 
Figure 4a: Single-reactor methane reformer. 
 
Figure 4b: Twin-reactor liquid fuel reformer. 
 
In both units, the beds are configured as cylinders with vertical axis.  The catalytic reforming bed may be 
monolithic or particulate.  Packed beds provide more flexibility in testing support materials, while honeycomb 
monoliths are preferred for reducing pressure drop.  The recuperator portion of the bed is filled with honeycomb 
monoliths.  During the regeneration step, fuel and air enter at the recuperator end (see figure 2b) and travel through 
separate sets of honeycomb channels to a point downstream of the inlet at which the streams are mixed and the heat 
is released [3]. 
 
The liquid-feed unit has been used to demonstrate process ability to reform a wide range of feeds.  In one 
experiment, as shown in Figure 5, liquid fuels have been reformed for 1000 hours of operating time with no 
measurable change in reactor system activity.  The pressure swing reformer is capable of reforming liquids 
containing significant amounts of sulfur, and does not need any pre-reforming to condition the feeds. 
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Figure 5: 1000-hour run in twin-reactor converting several different liquid hydrocarbons. 
4. Process consequences of PSR 
PSR avoids the critical heat-transfer issues of conventional steam reforming by performing heat transfer internal 
to the reactor within the catalyst bed.  As in conventional, large-scale steam reforming, the high-pressure product 
enables high-purity separation systems, resulting in a high-purity hydrogen product. However, PSR accomplishes 
this in a manner that improves efficiency.   
 
The internal heat exchange that occurs in PSR releases little excess heat.  Exiting syngas is at temperatures 
appropriate for further processing in high temperature shift, and exiting flue-gas is at temperatures appropriate for 
production of the steam needed for reforming.  In conventional steam reforming, only about 70% of the heat of 
combustion (¨HC) of the feed and fuel are recovered in the hydrogen product, with another 10-15% appearing as 
exported steam.  But processes based on PSR recover over 85-90% of feed ¨HC into the hydrogen product, resulting 
in significant improvement in the economics of the process. 
 
Metal components can be removed from regions of high temperature because the heat transfer is executed within 
the ceramic bed, and because inlet and outlet temperatures are cool.  The temperature of reforming is not limited by 
the ability to transfer heat through metal walls that must also serve as pressure-containing barriers at the temperature 
of reforming.  This allows operation at thermodynamically desired high temperature for syngas generation, without 
paying penalties in materials of construction or in wasted heat. 
5. Applications of PSR 
In practical application, two or more PSR beds are combined with appropriate valves to achieve continuous flow 
of feeds and products.  Syngas can be shifted to adjust H2, CO, and CO2 composition, and then separated into 
product and off-gas streams.  When applied in a carbon-capture environment, the syngas can be shifted all the way 
to H2 and CO2, and the CO2 can be removed by acid gas scrubbing, as shown in Figure 6.  This separation approach 
has been used for hydrogen manufacturing plants before the advent of PSA.  Some carbonaceous material will 
remain in the H2 (e.g. unconverted CH4 and CO) such that the capture efficiency will be slightly less than 100%. 
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Figure 6:  PSR integration with a gas turbine and acid-
gas scrubbing for CO2 capture in power generation 
~
Air
Turbine Fluegas
Power
~126 MW
~91% Fuel H2
(55% N2)
PSR Regen
PSR Reform
S/C~2.5
1838 kg-moles CH4
(409 MWTH)
Recycle
O2-Free Fluegas 
as Sweep 
H2-Membrane
with Shift Activity
CO2 at full reform pressure
(retains ~18 MWTH fuel value) 
384°C
12.6 atma
Air
Gas Turbine
S
team
To Steam
Turbine
To P
SR
S
team
To P
SR
 
Figure 7:  PSR integration with a gas turbine and H2-
membrane for CO2 capture in power generation 
 
The PSR system needs a source of combustion air, and this air must have sufficient head to accommodate the 
several psi of reactor pressure drop.   One option for this air supply is to extract air from a gas turbine, and then 
return the hot used air to the turbine, as shown in Figure 6.  The "pressure swing" between reform and regeneration 
steps provides key flexibility to mate lower-pressure air from a gas turbine with a higher-pressure reforming step.  In 
the example of Figure 6, the PSR regeneration step is operated at the 12.6 atm pressure of the gas turbine, while the 
reform step can be at much higher pressure to supply the separations and the requirements of the turbines fuel 
manifold and controls. 
 
PSR can be configured with an air supply comprising blowers and expanders, such that no net power is produced.   
Our economic analysis indicates that such a system has a capital cost somewhat lower than a conventional steam 
reforming system.  In comparison, when PSR is used in a power-generating system, the gas turbine system must be 
purchased for power generation, and might be envisioned as free to the reformer. In essence, PSR can be a very 
cost-effective reformer when considered as an add-on to a power-generating gas turbine. 
 
Other separations may be used as alternatives to acid gas scrubbing.  In the example of Figure 7, an H2-selective 
membrane, such as palladium, is used as the separating agent.  In this application, the PSR regeneration step is 
modified to recycle flue gas from the PSR outlet back to its inlet.  This ‘exhaust gas recirculation’ or EGR, enables 
PSR to drive the oxygen content of the flue gas down to nearly zero.  This has two beneficial effects.  First, it 
reduces by roughly four the amount of air that must be extracted from the gas turbine.  Second, it provides a sweep 
gas that can be used to receive hydrogen permeated through the membrane.  This enables the permeated hydrogen to 
be collected at higher pressure in an essentially carbon-free carrier for use as a carbon-free fuel.   
6. Summary 
PSR achieves high efficiency because of the internal heat transfer and high recovery of stream enthalpy.  PSR 
achieves attractive economics because it eliminates furnaces and high temperature metal parts (relative to steam 
reforming) and eliminates air separation (relative to autothermal reforming).  PSR enables the use of highly compact 
reactors because the heat required for reforming is readily available, in-situ, on the catalyst.  PSR enables liquid feed 
reforming because the cyclic regeneration removes carbon deposits. 
 
The cost of CO2 capture using existing technology presents a significant hurdle to its widespread use, adding to 
the cost of energy and accelerating the depletion of resources.  PSR technology attacks these hurdles by focusing on 
efficiency and cost.  PSR technology is one element of an R&D portfolio addressing the supply of affordable energy 
with low GHG emissions. 
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